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Endocytosis is a complex process that controls the
composition of the plasma membrane, nutrient up-
take, and the regulation of cell signaling in eukaryotic
cells. In this issue of Cell, Kaksonen et al. (2005) use
real-time microscopy of yeast to reveal major in-
sights, at the molecular level, into the spatial and tem-
poral aspects of this critical process.
Endocytosis is the process by which cells take up
molecules from their environment. Many events must
be coordinated during endocytosis, including binding
of cargo to receptors in the plasma membrane, mem-
brane invagination, pinching off of the membrane vesi-
cle (scission), and intracellular targeting of the endo-
cytic vesicle. A link between the actin cytoskeleton and
endocytosis in yeast was first demonstrated over 12
years ago (Kübler and Riezman, 1993). However, the
mechanistic details of the regulation of actin dynamics
and endocytosis have remained inconclusive despite
the identification of a number of molecular players
(Engvist-Goldstein and Drubin, 2003). In this issue of
Cell, Kaksonen et al. (2005) place the proteins involved
in endocytosis and associated actin polymerization into
a spatial and temporal order by using yeast genetics
and quantitative real-time microscopy.
The budding yeast, Saccharomyces cerevisiae, has
an actin structure called the cortical patch that is in-
volved in endocytosis. These patches are extremely dy-
namic and contain proteins important for the regulation
of both actin and endocytosis. Indeed, a direct role for
actin polymerization in endocytosis is clearly defined in
this organism. Despite evolutionary conservation from
yeast to mammals of many endocytic and actin binding
proteins, an active role for actin in endocytosis in mam-
malian cells has been largely overlooked. The last 3
years, however, have seen a seismic shift in this think-
ing, driven by data from real-time microscopy (Merri-
field et al., 2002, 2004). These studies demonstrate the
existence of discrete actin patches at sites of endocy-
tosis in mammalian cells, providing compelling evi-
dence for the evolutionary conservation of this process.
In a seminal paper 2 years ago, the Drubin group
studied the behavior of six yeast proteins associated
with cortical patches (Kaksonen et al., 2003). They
showed that endocytosis involves the sequential as-
sembly and disassembly of protein complexes and that
actin is involved in later stages of the process. Now,
this group report three new key findings (Kaksonen et
al., 2005). First, the authors provide clear evidence that
yeast clathrin facilitates endocytic site initiation. Sec-
ond, they define four protein modules that cooperate
to drive the distinct stages of endocytosis—coat for-
mation, membrane invagination, actin meshwork for-
mation, and vesicle scission. Third, they show that ac-
tin polymerization, which drives the inward movement
of the endocytic vesicle, occurs at the plasma mem-
brane rather than on the vesicle surface as observed in
other actin-based propulsion events.
Despite having a clear role in mammalian cells, the
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mmportance of clathrin during endocytosis in yeast has
emained unclear. Although deletion of clathrin in yeast
ndoubtedly has effects on endocytosis (uptake of a
ange of markers is reduced by about 50%), it has not
een evident how this effect is mediated. The first un-
quivocal evidence for clathrin localization at the yeast
lasma membrane was demonstrated recently in an el-
gant study using total internal reflection fluorescence
TIRF) microscopy (Newpher et al., 2005).This work also
howed that localization of clathrin at the plasma mem-
rane takes place prior to recruitment of actin monomers.
aksonen et al. (2005) confirm these results, further char-
cterize the clathrin-deletion mutant and examine the dy-
amics of clathrin under different conditions. In agree-
ent with Newpher et al. (2005), these authors report
hat clathrin exists in the form of patches at the cortex
nd is the earliest marker for endocytosis. Kaksonen et
l. (2005) also report the interesting finding that deletion
f clathrin leads to a reduction in the number of endo-
ytic sites. This finding provides the first evidence of a
ole for yeast clathrin in endocytic site initiation.
Using live-cell imaging, the authors track an early
Sla1p) and late (Abp1) marker of endocytosis in 60 de-
etion mutants of yeast. Their analysis reveals abnor-
alities in the behavior of one or both of these markers
n 14 different yeast strains. Four of these strains had
reviously been reported to have no endocytic defects,
hus demonstrating the increased sensitivity of the live-
ell-imaging approach. Using fluorescently tagged en-
ocytic markers to follow the different stages of endo-
ytosis, they performed a detailed analysis of nine of
hese yeast deletion strains. They found that these pro-
eins acted at distinct stages along the endocytic path-
ay. They also determined the spatial and temporal lo-
alization of proteins of interest tagged with a green
luorescent marker, compared with the localization of
bp1 tagged with a different fluorescent marker. These
ata, combined with previous data from the Drubin
roup and others (Jonsdottir and Li, 2004; Kaksonen
t al., 2003; Newpher et al., 2005; Warren et al., 2002),
nabled Kaksonen and colleagues to devise a model in
hich four protein modules are needed for endocytosis
see Figure 1). The first of these protein modules is the
ndocytic coat complex comprising clathrin, Sla1p,
an1p, Sla2p (yeast homologs of mammalian CIN85/
D2AP-like, Eps15 and Hip1/Hip1R respectively) and
he newly observed End3p protein. These proteins as-
ociate early in the plasma membrane and form an im-
obile patch that later moves about 200 nm into the
ell. The authors propose that this movement occurs
uring the invagination and scission steps of endocyto-
is, after which these proteins disassemble from the
ndocytic vesicle. These proteins may perform a num-
er of functions including cargo recruitment and regu-
ation of actin dynamics.
The second protein module is the actin network
rowth machinery. This complex comprises Las17p (a
omolog of WASP, the activator of the actin-nucleation
omplex Arp2/3, in mammalian cells), Myo5p (class 1
yosin), and Bbc1p. These proteins remain immobile
hroughout endocytosis. Las17p is present for a pro-
onged period, whereas Bbc1p and Myo5p arrive just
rior to the arrival of actin monomers. The current
odel is that Las17p interacts with coat components
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189Figure 1. The Modular Design of Actin-Mediated Endocytosis in Yeast
The earliest markers for endocytic sites in the plasma membrane are the proteins clathrin, AP180, Ede1, and Ent1/2 (red circles). The next
step in endocytosis is the recruitment of additional endocytic coat proteins Sla1p, Pan1p, End3p, and Sla2p (pink circles), as well as the
Arp2/3 activating protein, Las17p (green circles). Las17p facilitates actin polymerization (brown) at the plasma membrane (gray), which is
regulated by Myo5p and Bbc1p (blue circles). The amphiphysins Rvs161p and Rvs167p (yellow) are proposed to pinch off the endocytic
vesicle and then actin polymerization drives the vesicle inward. This is followed by disassembly of the endocytic coat and associated proteins.and, following the arrival of actin monomers, acts in
concert with Myo5p to promote actin polymerization.
This polymerization then drives membrane invagi-
nation. Both Bbc1p and Sla1p negatively regulate the
activity of Las17p.
The third protein module is the actin dynamic regula-
tion module, which comprises the Cap1p and Cap2p
capping proteins and Sac6p (fimbrin). These proteins
colocalize with Abp1p and, like Abp1p, show rapid re-
cruitment and movement into the cell as well as persis-
tence on vesicles after loss of the endocytic coat.
Studies of yeast deletion strains lacking these proteins
revealed differences in their functions. For example, in
the absence of the actin stabilizing protein Sac6p, actin
assembles at endocytic sites in the usual way, but there
is no internalization. This suggests that crosslinking of
actin filaments by Sac6p strengthens the actin network
to allow force transmission and movement away from
the membrane. The capping protein, a Cap1p/Cap2p
dimer, may limit the addition of actin monomers to
newly synthesized filaments, in this way facilitating fila-
ment growth close to the cell cortex. Consistent with
this notion, the cap1/cap2 yeast mutant exhibits a
reduced rate of movement of actin patches in the
plasma membrane. The authors also reveal new in-
sights into the role of Abp1p. Analysis of the abp1 dele-
tion strain revealed a reduction in the loss of the early
endocytic marker Sla1p-GFP from actin patches after
initial internal movement suggesting that Abp1p may
help in the release of the endocytic coat after scission.
Supporting this view is work showing that Abp1p binds
to the conserved kinases Ark1p and Prk1p, which
phosphorylate Sla1p, causing its disassembly from the
endocytic coat complex.
The fourth module consists of the two yeast amphi-
physin proteins Rvs161p and Rvs167p. These proteins
contain BAR domains that bind to membranes and in-
duce them to form tubules in vitro (Peter et al., 2004).
These proteins arrive after the actin marker Abp1p, re-main immobile for a few seconds, and then show a brief
movement of about 100 nm into the cell. In rvs161 and
rvs167 deletion mutants, yeast cells show frequent re-
traction of the endocytic coat complex after the initial
internalization movement. Taken together, the data
suggest a role for the yeast amphiphysins in vesicle
scission after actin-driven invagination. However, the
fact that R70% of vesicles still become internalized in
the deletion strains indicates that other proteins are
able to mediate scission, at least in the absence of
the amphiphysins.
Using photobleaching analysis, Kaksonen and col-
leagues (2005) were able to show that actin polymeriza-
tion takes place at the cell surface. Furthermore, with
two-color imaging, they demonstrate that the coated
vesicles move away from the cell surface at the same
rate as actin polymerizes. These data indicate that ac-
tin polymerization at the cell surface is the driving force
behind vesicle movement. Interestingly, this finding is
the opposite of other results reported for actin-based
movements in which the mobility of endosomes and
of the intracellular bacterium Listeria monocytogenes
involves actin nucleation at the surface of the pro-
pelled object.
For some, the compelling study of Kaksonen and co-
workers (2005) might indicate that many aspects of en-
docytosis, at least in yeast, are now characterized and
that the next stage is the refinement of a few esoteric
details. However, as is often the case, periods of rapid
understanding yield an exciting new set of questions to
be addressed. For yeast biologists, the issues that will
take center stage include the identification of further
cargo proteins and how these are sorted into endocytic
sites, the determination of factors that cause clathrin
to be recruited to distinct sites, and the identification
of proteins that assemble at endocytic sites in the
absence of clathrin or that drive further amphiphysin-
independent scission events. As the similarities in en-
docytosis among different organisms become increas-
Cell
190ingly apparent, it will be interesting to determine whether
endocytosis in mammalian cells reveals a conserved
function for the Arp2/3 activating protein WASP and
whether clathrin-independent endocytosis bears any
similarity to the clathrin-independent endocytic path-
ways of yeast.
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